We investigated whether Rad51 overexpression plays a role in soft tissue sarcoma (STS) chemoresistance as well as the regulatory mechanisms underlying its expression. The studies reported here show that Rad51 protein is overexpressed in a large panel of human STS specimens. Human STS cell lines showed increased Rad51 protein expression, as was also observed in nude rat STS xenografts. STS cells treated with doxorubicin exhibited up-regulation of Rad51 protein while arrested in the S-G 2 phase of the cell cycle. Treatment with anti-Rad51 small interfering RNA decreased Rad51 protein expression and increased chemosensitivity to doxorubicin. Because we previously showed that reintroduction of wild-type p53 (wtp53) into STS cells harboring a p53 mutation led to increased doxorubicin chemosensitivity, we hypothesized that p53 participates in regulating Rad51 expression in STS. Reintroduction of wtp53 into STS cell lines resulted in decreased Rad51 protein and mRNA expression. Using luciferase reporter assays, we showed that reconstitution of wtp53 function decreased Rad51 promoter activity. Deletion constructs identified a specific Rad51 promoter region containing a p53-responsive element but no p53 consensus binding site. Electrophoretic mobility shift assays verified activator protein 2 (AP2) binding to this region and increased AP2 binding to the promoter in the presence of wtp53. Mutating this AP2 binding site eliminated the wtp53 repressive effect. Furthermore, AP2 knockdown resulted in increased Rad51 expression. In light of the importance of Rad51 in modulating STS chemoresistance, these findings point to a potential novel strategy for molecular-based treatments that may be of relevance to patients burdened by STS. [Mol Cancer Ther 2007;6(5):1650 -60] 
Introduction
Soft tissue sarcoma (STS) constitutes a malignancy cluster of putative mesenchymal origin that may occur anywhere in the body. STS is characterized by a high incidence of local recurrence as well as distant metastasis, particularly to the lungs (1) . Overall survival is f50% at 5 years, a rate that has not improved significantly over the past 50 years even with the wide-spread utilization of systemic chemotherapy, including second-and third-generation agents. Even doxorubicin, the single most active STS chemotherapeutic, has a disappointing 30% overall response rate, with breakthrough tumor progression and frequent local and/or distant recurrence after initial sarcoma chemoresponsiveness (2) . Chemotherapies damage cellular components, thereby triggering genetically controlled responses, such as apoptosis, that in turn leads to cell death. With tumor progression, cancer cells tend to lose these normal damage responses while acquiring intracellular mechanisms that impair chemoresponse. Abrogating chemoresistance may augment STS patient outcome; however, this mandates improved understanding of STS chemoresistance mechanisms, about which little is currently known.
Previously, we have studied MDR-1/P-glycoprotein expression and activity in STS chemoresistance (3, 4) . This transmembrane efflux transporter reduces intratumoral accumulation/retention of cytotoxic drugs and may induce the intracellular redistribution of these agents away from the putative site of action (e.g., outside of the nucleus). In that chemoresistance involves multiple mechanisms, we have examined other possibly relevant intratumoral processes. DNA double-strand breaks (DSB) are a common consequence of chemotherapy (e.g., doxorubicin) and ionizing radiation and are considered the most lethal challenge to genome integrity; a single DSB can trigger DNA damage sensors, arrest cell cycle progression, and activate DNA repair machinery (5, 6) . The coordinated repair of DSBs is critical for cell survival. Homologous recombination is integral to DSB repair, and homologous recombination may be important in enabling tumor cells to avoid chemotoxicity. The mammalian Rad51 protein is the structural, biochemical, and genetic homologue of the bacterial RecA and yeast Rad51 proteins and plays a central regulatory role in meiotic recombination and homologous recombination DNA repair. Rad51 is phylogenetically conserved and mice nullizygous for Rad51 display pre-implantation embryonic lethality (7) with chromosome loss and apoptosis (8) . The central role of Rad51 in homologous recombination is further suggested because Rad51 overexpression is sufficient to promote DNA strand exchange without its usual association with the gene conversion complex. However, excessive or uncontrolled homologous recombination poses a threat to genome integrity by inducing chromosome fusion and aberrant karyotype formation and augmenting resistance to DNA damage -induced apoptosis (9) . Rad51 overexpression, but not gene amplification or mutation (10) , has been observed in a variety of epithelial malignancies (11, 12) . High levels of Rad51 are associated with elevated rates of DNA recombination as well as enhanced resistance to DNA-damaging chemotherapies and/or ionizing radiation in several experimental tumor systems (13 -15) . Antisense strategies have been successfully used to attenuate Rad51-mediated radioresistance in in vitro and in vivo studies (16, 17) . To the best of our knowledge, Rad51 expression, function, or regulation has not been previously studied in STS. Given the chemoresistant nature of STS, it is hoped that investigation of Rad51 yields therapeutically relevant insights.
In this present study, we addressed the following questions: (a) is Rad51 overexpressed in human STS; (b) does Rad51 overexpression play a role in STS chemoresponsiveness; and (c) does p53, the most commonly altered mutated gene in STS, regulate the expression of Rad51, and if so, what are the underlying p53 regulatory mechanisms? Our results show that Rad51 protein is overexpressed in primary, recurrent, and metastatic human STS specimens of various histologic subtype and anatomic location. Moreover, inhibiting Rad51 expression in STS cell lines using anti-Rad51 small interfering RNA (siRNA) markedly increased chemosensitivity to low-dose doxorubicin.
Because we have shown that wild-type p53 (wtp53) reintroduction into mutant p53 (mutp53) cells leads to increased STS doxorubicin chemosensitivity (3), we questioned whether p53 also helped regulate STS Rad51 expression. Reintroduction of wtp53 into a human mutp53 STS cell line (SKLMS-1 leiomyosarcoma) resulted in decreased Rad51 protein expression, a phenomenon not due to enhanced proteasomal degradation. Moreover, decreased Rad51 mRNA expression (without evidence of shortened mRNA half-life) was also observed. Examining the Rad51 gene promoter revealed that activator protein 2 (AP2) binding to its cis element binding site mediated the p53-induced Rad51 transcriptional repression.
Taken together, these results suggest that Rad51 has a potential role as a possible therapeutic target in human STS. Novel molecular-based strategies to inhibit Rad51 directly or indirectly via wtp53 reintroduction may be relevant to patients burdened by STS.
Materials and Methods
Cells, Culture Conditions, and Treatments Human SKLMS1 leiomyosarcoma (harboring a double G245S and M237K p53 point mutation), SW684 (fibrosarcoma), HT1080 (fibrosarcoma), SW872 (liposarcoma), A204 (rhabdomyosarcoma), RD (rhabdomyosarcoma), MRC-5 (normal diploid human lung fibroblasts), and HUVE (human umbilical vein endothelial) cells were obtained from the American Type Culture Collection. Cells were cultured in DMEM (A204 in McCoy's 5A) supplemented with 10% FCS (Life Technologies, Inc). SK-Ala-10, SK-Ala-14, SK-Ala-21, and SK-neo cell lines were generated from SKLMS1 as previously described (18) and cultured as per parental cell culture conditions. SK-Ala-10, SK-Ala-14, and SK-Ala-21 translate p53 transcripts from the transfected temperature sensitive V143A p53 gene as mutant p53-mimicking conformation at 37jC but as a DNA binding and transcription activating wild-type conformation at 32jC (19) .
Viral Incubation. AdEV (empty vector), AdLacZ (hgalactosidase transgene), AdFLAGp53 (FLAG-tagged wtp53), or Adp53 (non-tagged wtp53) were incubated at 37jC for 48 h and at 1:2,000 cell to viral particles ratios unless indicated otherwise.
Proteasome Inhibition. SKLMS1 cells were pretreated with AdFLAGp53 or AdLacZ for 48 h before addition of MG132 (or DMSO) to a final concentration of 10 Amol/L for 0, 2, 4, and 6 h before cell lysis and Western blotting.
siRNA Western Blotting. SKLMS1 and RD cells (50,000) were plated per well of six-well plate and incubated overnight at 37jC. The following morning siGENOME Rad51 siRNA constructs (Dharmacon, Inc.) were transfected using LipofectAMINE PLUS (Invitrogen) reagents according to manufacturer's instructions. Forty-eight hours later, monolayers were harvested in modified radioimmunoprecipitation assay buffer and clarified, and equimolar amounts of protein are separated by 10% SDS-PAGE. Proteins immobilized on nitrocellulose membranes were blocked with 5% bovine serum albumin-TBST and probed with anti-Rad51 (Lab Vision clone 3C01) 1:400 overnight and detected with IRdye680-conjugated secondary antibody. Similar experiments were done using human AP2 -specific siRNA siGENOME SMART pool (Dharmacon). Proteins harvested were used for AP2 and Rad51 Western blot.
siRNA Chemosensitivity Assay. Proliferating SKLMS1 and RD cells (2,000) were plated per well of 96-well plates and incubated overnight. Medium was then aspirated and replaced with LipofectAMINE PLUS -prepared 100 nmol/L siRNA (anti-Rad51 construct #4, scrambled or mock) in 70 AL Opti-MEM 1 (Invitrogen) per well for 6 h then supplemented with 70 AL DMEM/20% FCS per well overnight. After 48 h, fresh medium containing increasing concentrations of doxorubicin was added for a further 48 h before 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H -tetrazolium assay (Promega) according to manufacturer's instructions. Antibodies Anti-Rad51. Monoclonal antibody clone 51RAD01 (same as 3C10) as Ab-1 from Lab Vision Corp. Anti Rad51 (Ab-1) polyclonal antibody and (Ab-2) monoclonal antibody (Calbiochem) were used additionally for Rad51 immunohistochemical control.
Anti-FLAG. Monoclonal M2 and M5 (Sigma-Aldrich). Anti-p21 CIP1/WAF1 : C-19 polyclonal (Santa Cruz Biotechnology, Inc.). Anti-P-glycoprotein antibody C219 (Centocor).
Anti-B-actin. Monoclonal (Sigma-Aldrich). Anti-AP2: 3B5 monoclonal and C-18 polyclonal (Santa Cruz Biotechnology).
Anti-p53. DO1 monoclonal (Santa Cruz Biotechnology). Horseradish peroxidase -conjugated secondary antibodies were detected by enhanced chemiluminescence (Amersham Biosciences Plc.). Alexa Fluor 680 (Molecular Probes) and IRdye800 (Rockland Immunohistochemicals, Inc.) second-conjugated secondary antibodies were detected using Odyssey Imaging (LI-COR Biosciences).
Immunohistochemistry Paraffin sections (5 Am) of human STS samples were heated, dewaxed, and hydrated in xylene and ethanol/ H 2 O. Rehydrated sections were boiled in 10 mmol/L citrate (pH 6.0) antigen retrieval buffer for 20 min before quenching endogenous peroxidase activity with 1% H 2 O 2 for 30 min. Endogenous protein binding activity was blocked using DAKO blocking agent (DAKO Corp.) overnight at 4jC before incubation at 4jC with antiRad51 primary antibody diluted 1:100 in 1% bovine serum albumin-PBS. DAKO Envision system was used for secondary antibody conjugation, and color was developed with Zymed DAB system (Zymed Laboratories, Inc.). Slides were counterstained with hematoxylin. Rad51 expression scoring was done by two independent observers; % positive staining cells and expression intensity (1, low; 2, moderate; and 3, strong) were determined.
Western and Northern Blot Analysis Protein extraction from either cultured cells or frozen human STS specimens was done as previously described. For some experiments, nuclear and cytoplasmic protein fractions were isolated; 50 Ag proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes for Western blotting. Northern blots were done using 20 Ag of total RNA. Full-length cDNAs for Rad51, glyceraldehyde-3-phosphate dehydrogenase, and p21 were labeled using a random labeling kit (Roche Diagnostics GmbH) and used as probes for Northern blot.
Flow Cytometry Cell monolayers were trypsinized and collected by centrifugation and washed twice with ice-cold PBS. Resuspended cells and debris were aliquoted for 70% icecold ethanol/PBS fixation or lysis in radioimmunoprecipitation assay buffer for Western blot. Fixed cells were treated with 50 Ag/mL RNase and stained with 50 Ag/mL propidium iodide for 30 min. Cells were analyzed in a FACSCalibur, and data were analyzed with Cell Quest and ModFitLT v3.1 software (Verity Software House).
Luciferase Reporter Assay
Transfections were done in six-well cluster plates using Fugene 6 transfection reagent (Roche Diagnostics) according to manufacturer's instructions, with 100 ng Rad51-Luc luciferase reporter per well and 20 ng pRL/CMV control per well for normalization. SKLMS1 cells were pretreated with wtp53 or lacZ expressing adenoviruses (5,000 viral particles/cell ratios) or mock infected for 48 h before transfection. The total amount of DNA transfected per well was 120 ng. Lysates were prepared 48 h after transfection, and luciferase activity was measured using Promega dual luciferase assay kit according to manufacturer's instructions.
Rad51Promoter Constructs The Rad51 promoter sequence (AF203691) from À403 to +63 of the transcription start site was amplified by PCR and cloned into pGL3 using primers: forward, 5 ¶-CAT-TACCTCTTGGGAGTCGTGGTCT-3 ¶ and reverse, 5 ¶-ACTCTCCTTAGGGCTCGGTCTCTGG-3 ¶. PCR-based deletion strategies generated truncated wild-type sequence Rad51 promoters using the following forward primers: pRad-295Luc, 5 ¶-GGGTAGGAGTAGGGGCGTTG-3 ¶; pRad185Luc, 5 ¶-GGCATAAAGTTTGAATTAGT-3 ¶; pRad-50Luc, 5 ¶-GGGGATACGTTACGTCGACG-3 ¶. Substitution mutations (lowercase) were incorporated into the À193 to À183 bp AP2 consensus site (underlined) using the primer 5 ¶-CGTGAGCCAttGCCtttGGCATAA AGTTTG-3 ¶, and 10 bp were deleted using the primer 5 ¶-GGACTACACGCGT-GAGCCATTTATAAAGTTTGAATTAGTCC-3 ¶.
Electrophoretic Mobility Shift Assay Nuclear extracts were prepared from SKLMS1 cells in cold nuclear extraction buffer. Binding reaction was initiated by adding 5 Ag nuclear extract to binding buffer and 1 Ag poly(deoxyinosinic-deoxycytidylic acid; Amersham Biosciences), 3 Â 10 5 counts per minute 32 P-labeled AP2a double-stranded oligonucleotide, and 1% NP40 (total volume 20 AL) and incubated for 30 min at 37jC. The reaction was terminated by adding 4 AL 6Â DNA loading dye and placing samples on ice prior 5% native PAGE. The dried gel was autoradiographed. For supershifts, 1 Ag rabbit polyclonal anti-AP2a antibody (Santa Cruz Biotechnology) was added to the nuclear extract and incubated at room temperature for 30 min before being added to the binding reaction. Probe sequence was 5 ¶-CGTGAGC-CACCGCCCCCGGCATAAAGTTTG-3 ¶.
Results

Rad51Is Overexpressed in Human STS Specimens
Increased Rad51 overexpression has been observed in several epithelial malignancies (11); therefore, we investigated whether similar overexpression could also be identified in mesenchymal origin tumors. Immunohistochemical staining (anti-Rad51 DO1 Ab, Labvision) to detect Rad51 overexpression was done on a panel of 62 human primary, recurrent, and metastatic STS samples of different histologic subtype and location randomly selected from our sarcoma tissue bank, showing diffuse nuclear, perinuclear, p53 Regulates Rad51 Transcription and robust cytoplasmic Rad51 staining patterns of varying intensity in 59 of 62 specimens. Only three tumors exhibited no Rad51 expression (Fig. 1A -G) . In specimens exhibiting Rad51, level of expression varied both in distribution and intensity. Rad51 expression was observed in <20% of tumor cells in 16 samples, 20% to <80% in 39, and 80% to 100% in 24. Intensity was scored as 1 in 26, 2 in 18, and 3 in 15. Prevalent nuclear staining was observed in 5 samples, cytoplasmic in 10 samples, and both cytoplasmic and nuclear in 44 samples. In contrast, Rad51 expression was low to absent in paired normal tissues retrievable in either tumor sections, resection margin normal tissues, or temperospatially distant autologous normal tissues (Fig.  1H) . A small cohort of five human malignant fibrous histiocytoma immunostained with a different set of Rad51 antibodies (anti-Rad51 Ab-1, Ab-2, Calbiochem) confirmed the increased Rad51 expression and subcellular localization observed above. Increased Rad51 expression in STS in comparison with autologous normal tissues was further confirmed using Rad51 Western blotting (Fig. 1I) . The diversity of STS specimens we examined suggests that Rad51 overexpression is commonly observed in STS regardless of histology, location, or stage.
Rad51 Is Overexpressed in STS Cell Lines In vitro and In vivo
To further evaluate the role of Rad51 in STS, we first asked whether STS cells exhibit Rad51 overexpression when grown in cell culture and as xenografts in nude rats. Rad51 protein expression was detected to varying degree in all tested STS cells lines; no Rad51 expression was detected in NHF cells; and only a minimal level was expressed in human umbilical vascular endothelial cell (Western blot; Fig. 2A ). Immunocytochemistry clearly revealed Rad51 in the nucleus, perinuclear cytoplasm, and cytoplasm of the SKLMS1 cells (Fig. 2B) . SKLMS-1 leiomyosarcoma xenografts excised from nude rats were immunohistochemically stained for Rad51 using the same method as the patient analysis above and showed the same diffuse nuclear, perinuclear, and robust cytoplasmic staining patterns as seen above (Fig. 2C) . In contrast, positive-staining control normal rat testis tissue showed focal staining confined to the nucleus (Fig. 2D) . Rad51 Western blot of nuclear and cytoplasmic protein fractions of the SKLMS1 and RD cell lines further confirmed the protein localization observed by immunohistochemistry (Fig. 2E) . Our results show that Rad51 overexpression is observable in vitro and in vivo in a manner comparable with Rad51 overexpression in human STS, suggesting the utility of these models to further investigate STS chemoresistance and Rad51 regulation.
Rad51Protein Levels Increase in Response to Doxorubicin-Induced S-G 2 -M Phase Cell Cycle Arrest
Because the principal basis of doxorubicin cytotoxicity is induction of DSBs during DNA synthesis, we questioned whether doxorubicin exposure might affect Rad51 STS protein levels. Proliferating SKLMS1 cells were treated with 0.5 Amol/L doxorubicin for 24 and 48 h and collected (with treatment media) for Western blotting and fluorescenceactivated cell sorting analysis. Rad51 protein levels were consistently higher in cells treated with doxorubicin than in paired untreated cells (Fig. 3A) . Propidium iodide sorting by fluorescence-activated cell sorting indicated that doxorubicin-treated SKLMS1 cells arrested in the S-G 2 -M cell cycle phase without concomitant increase in the apoptotic sub-G 1 fraction. Consistent with other studies showing a cell cycle phase -related expression of Rad51 (20) , our findings indicate that Rad51 levels are highest in that phase of the cell cycle where doxorubicin exerts its principal effects. Because Rad51 overexpression per se stimulates Rad51 Suppression by siRNA Attenuates RD and SKLMS-1Doxorubicin Chemoresistance
Next, we employed a Rad51 siRNA knockdown strategy to examine whether Rad51 participates in STS chemoresistance. RD and SKLMS-1 cells were incubated with increasing doses of anti-Rad51 specific siRNA. Efficient dose-dependent Rad51 knockdown was shown (Western blot; Fig. 3B ) with Rad51siRNA, whereas scrambled siRNA did not affect Rad51 expression levels. Western blot for Pglycoprotein showed no change in P-glycoprotein levels after Rad51 inhibition (data not shown). Using 100 nmol/L concentrations of siRNA against Rad51, we next did 96-well plate 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium cell viability assays for increasing concentrations of doxorubicin. Rad51 siRNA alone did not affect the growth rate of the tumor cells compared with control scrambled siRNA and/ or mock transfection. Furthermore, we found that Rad51-siRNA enhanced doxorubicin chemosensitivity in both cell lines to varying degree ( Fig. 3C and D) . Rad51 inhibition led to 1.75-fold reduction in doxorubicin IC 50 (from 0.7 to 0.4 Amol/L) in SKLMS1 cells and 3.2-fold in RD cells (from 3.2 to 1 Amol/L).
Induction of wtp53 Leads to Suppression of Rad51 Protein Levels in STS Cells
Previously, we have shown that restoration of wtp53 in mutp53 STS cells leads to loss of chemoresistance in these cells. We explained this observation as due to p53 induced down-regulation of MDR1/Pgp expression with concordantly reduced activity (3, 4) . However, it is likely that the wtp53-induced chemosensitivity is a multifactorial process. Taking into account our finding that Rad51 inhibition leads to enhanced chemoresponse as well as extensive studies by others showing that wtp53 inhibits Rad51 function (22), we wanted to further explore the mechanism underlying wtp53 regulation of Rad51 in STS. Previous reports have focused on non-transcriptional protein-protein interacting domains of p53 and Rad51 whereby p53 inhibits Rad51 function (22) ; however, studies examining p53 transcriptional regulation of Rad51 production have been very limited.
To address the potential affect of wtp53 induction on Rad51 status in STS, we used our panel of SK-Ala mutants previously generated in our laboratory (18) . As shown in Fig. 4A , sustained induction of wtp53 function (shown by p21 CIP1/WAF1 protein up-regulation) leads to downregulation of Rad51 protein levels. To acutely induce wtp53 function, we also infected SKLMS1, RD, and A204 STS cells with log doses of adenoviruses expressing FLAG-tagged wtp53 or empty vector controls. Rad51 levels fell in each cell type within 48 to 72 h after transfection when wtp53 was expressed at high levels (Fig. 4B) . These data indicate that wtp53 leads to suppression of Rad51, and that this phenomenon occurs in multiple STS cell lines.
wtp53 induction leads to transcriptional up-regulation of many target genes, including its own negative regulator Mdm-2. Mdm-2 acts as an E3-ligase, polyubiquitinating p53 and targeting it for proteasomal degradation. To assess possible wtp53 suppression of Rad51 protein via proteasomal degradation, we incubated AdFLAGp53-and AdLacZinfected SKLMS1 cells with the proteosome inhibitor MG132 for incremental time periods and harvested cellular proteins for Western blotting. As expected, FLAGp53 accumulated in cells treated with MG132, confirming proteosome inhibition. Rad51 protein marginally accumulated in those AdLacZ-treated cells where the proteosome was inhibited, indicating that Rad51 protein degradation takes place, at least partly, via a proteosome-dependent mechanism. However, no such accumulation was seen in those cells treated with AdFLAGp53 in which the proteosome was inhibited, and proteosome inhibition failed to rescue Rad51 attenuation (data not shown). This result indicates that wtp53 does not principally use a proteosomedependent mechanism to suppress Rad51 levels. 
Induction of wtp53 Leads to Suppression of Rad51 mRNA Levels in STS Cells
To assess the effect of wtp53 induction on Rad51 mRNA transcript levels, Northern blot was done on mRNA isolated from SK-Ala temperature-sensitive mutants, parental, and neo-control cell lines following differential temperature incubation to induce wtp53 or mutp53. Figure  4C shows that induction of wtp53 is associated with abolition of Rad51 mRNA levels in the temperaturesensitive cells but not in the parental or control cells. To further confirm this finding, Northern blot was done on mRNA extracted from SKLMS1 cells that had been infected with AdFLAGp53 or AdLacZ at increasing viral doses. Similarly above, induction of exogenous wtp53 was also associated with suppressed Rad51 transcript levels (data not shown). Next, we investigated whether the decreased Rad51 mRNA could be attributed to wtp53-induced shortened Rad51 mRNA half-life. SKLMS1 cells preinfected with control or wtp53-expressing adenoviruses were treated with actinomycin D to arrest generation of nascent mRNA, and mRNA was harvested at subsequent incremental time points. Comparable Rad51 mRNA halflives were found independent of p53 status, indicating that wtp53 does not enhance Rad51 mRNA transcript degradation as a mechanism of Rad51 suppression (data not shown). Similar results were found using SK-Ala temperature-sensitive cells, thereby controlling for the possibility that adenoviral proteins could be interfering with host cell mRNA transcript processing, transportation, and translation machinery. Taken together, these data suggest that wtp53 regulates Rad51 STS expression via a transcriptional mechanism.
wtp53 Suppresses Rad51 Promoter Activity via an AP2 Response Element
The rad51 gene possesses a GC-rich TATA-less promoter that indicates a possible Rad51 housekeeping function. To examine wtp53 involvement in transcriptional control of Rad51, the À403 to +63 bp region of the Rad51 promoter (relative to the transcription start site) was subcloned from SKLMS-1 genomic DNA into the pGL3 luciferase reporter plasmid to generate pRad-403Luc for promoter activity studies. pRad-403Luc was transfected into SK-Ala-10, SKAla-14, SK-Ala-21, parental, and neo-control cell lines under mutp53-or wtp53-inducing conditions. As shown in Fig. 5A , we confirmed that induction of wtp53 in cells harboring mutp53 leads to suppression of transcription by the À403-bp rad51 promoter segment.
To locate a potential genetic element that wtp53 may be acting through, we analyzed the proximal promoter fragment sequence using DNAsys software and generated serially truncated (À403, À295, À185, and À50 bp) promoter constructs flanking identified consensus binding sites for AP-2, Sp-1, and a previously reported p53 response element (23) . No classic p53-binding site was identified in this analysis. The effect of wtp53 on transactivation from the truncation mutants was investigated in SKLMS1 cells infected with mock or wtp53-expressing adenoviruses. Induction of wtp53 in AdFLAGp53-infected SKLMS1 cells consistently suppressed transcriptional activity by the À403 and À295 constructs. However, the transcription attenuating effect of wtp53 induction was lost when the À185 promoter was studied (Fig. 5B) .
Because AP2 is known to directly interact with p53, and because a putative AP2 binding site was suggested in the À193 to À183 region of the Rad51 promoter, we next investigated the relevance of this AP2 site to the p53 effect on Rad51 promoter activity. We first confirmed AP2 binding to the identified site with an electrophoretic mobility shift assay using a known AP2 binding sequence and a 30-bp radiolabeled DNA probe corresponding to the identified AP2 site and short flanking sequences (Fig. 5C) . Autoradiography of the PAGE-separated mixtures confirmed AP2 binding to the sequence from the Rad51 promoter and also showed ''supershift'' migration following anti-AP2a antibody pre-incubation. Incomplete ''shifting'' of the entire band implied that AP2 isoforms other than the a subtype may also be binding this sequence. Moreover, increased AP2 binding was observed in the nuclear extracts from Adp53-transfected SKLMS1 cells compared with parental or AdLacZ transfectants. Western blotting showed no difference in AP2 protein level in the presence of wtp53 (data not shown), suggesting that wtp53 affects the activity but not the expression of AP2. Specific deletion of 10 bp internal to the AP2 binding site was done on the À403 promoter construct, and luciferase-based reporter assays were repeated in virally infected SKLMS1 cells. Mutating this site alone led to loss of wtp53 suppression of Rad51 promoter activity in our luciferase reporter gene assays (Fig. 5D) . Similar results were achieved after specific substitution mutation of the AP2 temperature-sensitive, parental SKLMS-1, and SK-neo control cell lines were incubated at 37jC and 32jC to differentially induce mutant or functional wtp53, respectively. Protein lysates were harvested at indicated time points. Rad51 protein levels were decreased following induction of wtp53 function, confirmed by p21 induction, in temperature-sensitive p53 cells at 32jC (wtp53 function) but not at 37jC (mutp53 function). B, Western blot. SKLMS-1, RD, and A204 cells were incubated with empty vector (AdEV) or wtp53-expressing (AdFLAGp53) adenoviruses at the indicated cell to virus particle ratios for 72 h. Induction of exogenously delivered wtp53 leads to suppression of Rad51 protein levels. C, Northern blot. Parental and temperature-sensitive transfectants were cultured as in (A). Northern blotting of RNA extracts showed suppression of rad51 mRNA levels following induction of wtp53 function, confirmed by increased levels of p21 mRNA.
p53 Regulates Rad51 Transcription binding site (data not shown). Furthermore, to validate that AP2 binding to the Rad51 promoter leads to transcriptional repression, we transiently transfected SKLMS1 cells with a specific AP2 siRNA, leading to decrease in AP2 expression in these cells and a simultaneous increase in Rad51 expression (Fig. 5E) . The increase in Rad51 after AP2 inhibition in SKLMS1 cells harboring mutp53 suggests that AP2 can also repress the Rad51 promoter in SKLMS1 cells in a wtp53-independent manner. Taken together, these data suggest that induction of wtp53 transcriptional suppression of Rad51 requires an intact AP2 binding site at À193 to À183 bp in the Rad51 promoter. 
Discussion
This report is the first to suggest a role for the key DNA homologous repair protein Rad51 in STS. We show that Rad51 is overexpressed in a wide range of STS and possibly plays a role in doxorubicin chemoresistance. We have also shown that wtp53 can transcriptionally repress the Rad51 promoter, resulting in decreased Rad51 mRNA and protein expression. Moreover, Rad51 transcriptional regulation by wtp53 involves enhanced promoter repression induced by AP2.
Elevated Rad51 expression protects tumor cells from apoptosis and improves their survival by decreasing DNA damage (24) . Additionally, there is evidence that tumor cell Rad51 overexpression may contribute to genomic instability by stimulating aberrant recombination between short repetitive elements and homologous sequences, leading to increased rates of chromosomal translocations as well as both abnormal gain and loss of chromosomal material (25) . This finding may be specifically relevant in STS in that nonrandom chromosome translocations are found in more than a third of these tumors (26) , a process we are currently studying.
Integrity of the genome mandates tight regulation of Rad51 (27) . Several tumor suppressor gene products, such as ATM (28) , BRCA2 (29), c-Abl (28), and p53 (22, 30) , as well as oncogene products, such as Bcl-2 (31), and BCR/ ABL (32), interact with Rad-51. We focused on p53 regulation of Rad51 because the p53 tumor suppressor pathway is commonly altered in STS and contributes to a spectrum of STS-promoting behaviors, such as loss of cell cycle control (18) , enhanced angiogenesis (33) , and STS invasion and metastasis (34), as we have shown. Even more pertinent to this study, we have shown that p53 mutation contributes to STS chemoresistance (3, 4), whereas reintroduction of wtp53 into mutp53 STS cells results in significant doxorubicin chemosensitization via decreased P-glycoprotein drug efflux pump expression and phosphorylation. Here, we suggest that Rad51 might also play a role in p53-regulated STS chemoresistance.
p53 regulation of Rad51 has been previously studied; until recently, this was attributed to p53 physical association with Rad51 in a manner not requiring p53 transactivating capacities (22, 35) . This protein/protein interaction leads to inhibition of the Rad51-mediated rate of homologous recombination as well as the homologous recombination machinery per se, such as Rad51 ATPase activity and polymerization into high-order nuclear filamentous structures (27, 36) . In contrast, mutp53 seems to exacerbate Rad51 promotion of homologous recombination (37, 38) perhaps because the most common p53 mutations affect the DNA binding domain, the region of wtp53 that associates with Rad51 (39) .
Although these reports all show direct protein/protein binding non-transcriptional regulation of Rad51 homologous recombination function by p53, the possibility of additional regulatory mechanisms are not precluded by these findings. Recently, it has been shown by Arias-Lopez et al. that transcriptional regulation of Rad51 by p53 also occurs (23) . Working with Tet-Off-wtp53 inducible cell lines in a p53-null cell background, it was shown that p53 transcriptionally represses the Rad51 promoter. wtp53 was found to specifically bind to a non-canonical p53-responsive element f160 bp upstream of the transcription starting point of the Rad51 promoter. wtp53-mediated repression was abolished by deletion of the 42-bp promoter region containing the p53 response element. Moreover, repression was partially reduced by introducing specific point mutations into the p53 binding-site while preserving its palindromic structure. Collectively, this suggests that transcriptional repression of the Rad51 gene by p53 may work cooperatively with non-transcriptional Rad51 regulatory mechanisms to increase genome fidelity. Our study reinforces and materially expands the above findings that wtp53 induces transcriptional repression of Rad51 in STS, resulting in decreased Rad51 mRNA and protein expression. However, we have additionally identified a novel mechanism of wtp53-induced Rad51 transcriptional repression that entails p53 and AP2 crosstalk. Our reporter deletion assay identified a region in the Rad51 promoter (À295 to À185) that lacks a p53 binding site but does have a functional AP2 binding site (À193 to À183) as shown by electrophoretic mobility shift assay. The importance of this AP2 binding site is suggested by our findings that wtp53 enhances the binding of AP2 to this site, and that selective deletion or specific mutations in this site lead to abrogation of the wtp53-mediated repression. Possible interactions between AP2 and wtp53 has been previously investigated, focusing on p53/AP2 protein/protein interactions in AP2 augmentation of p53-mediated transcriptional activation (40 -42) . The interaction between AP2 and p53 has been shown in vitro by yeast two-hybrid and glutathione S -transferase pull down and confirmed in vivo by coimmunoprecipitation and colocalization assays (43) . Using a p53-responsive reporter assay, AP2 was shown to coactivate p53-mediated transcription and seemed to act through the p53 regulatory element (41) . Our present study extends these previous observations by showing that in the context of the Rad51 promoter, functional wtp53 can coactivate AP2. Thus, our findings support the possibility that the activity of AP2 at certain promoters is dependent upon the presence of functional p53. Although we show that AP2 binding to the Rad51 promoter seems to be necessary for wtp53 repression of Rad51, our results do not contradict those of Arias-Lopez et al. (23) because it is entirely plausible that AP2 and p53 are cooperatively involved in promoter regulation through tandem regulatory elements. A similar transcriptional partnership has been recently reported for the regulation of the KAI1 gene promoter (44) .
Loss of AP2 expression is a common denominator in a wide variety of solid malignancies, correlating with tumor stage and patient outcome (45 -47) . Interestingly, two recent reports have suggested a role for AP2 loss in tumor chemoresistance. The reintroduction of AP2 into a variety of naturally low expressing AP2 cancer cells resulted in many-fold chemosensitivity increases in these cells to chemotherapeutic agents such as doxorubicin and p53 Regulates Rad51 Transcription cisplatinum (42, 48) . An association between the loss of AP2 and Rad51 expression should be further studied.
In conclusion, our results suggest a role for Rad51 in STS and further extend the previous findings of the complex p53/Rad51 regulatory process. This regulation not only involves non-transcriptional protein/protein interaction but also requires transcriptional repression of the Rad51 promoter involving both wtp53 as well as AP2. An important clinical objective in STS management is to ameliorate chemoresistance; this might possibly be achieved by down-modulating Rad51-mediated homologous recombination and thus warrants further study. Therapeutic molecularly targeted strategies incorporating wtp53 restoration, AP2 activation, and possibly also direct Rad51 blockade, perhaps via siRNA, should be further studied in preclinical animal models.
